WRKY transcription factors phosphorylated by MAPK regulate a plant immune NADPH oxidase in Nicotiana benthamiana.
The significance and often centrality of reactive oxygen species (ROS)-and redox-related signaling are now established for most processes in plant development and acclimation. Each cell possesses a redox regulatory network whose state is adjusted by ROS and virtually controls all processes such as gene expression and translation, metabolism, and turnover. Recent years have witnessed significant advancements in understanding the cross talk between organelles in orchestrating the cellular redox state temporally and spatially. ROS function as oxidants of proteins altering their function and of lipids releasing signal-active compounds. This Focus Issue combines 18 publications that either summarize recent advances in the format of topical Focus Reviews or provide novel insight into ROS-associated processes. Our most detailed knowledge of ROS functions still comes from work with photosynthesizing leaves; therefore, the majority of reports in this special issue focus on leaf processes. Other contributions address ROS-dependent regulation of flower senescence (Rogers and Munné-Bosch, 2016) , polar growth of pollen and root hairs (Mangano et al., 2016) , and other root processes, including root architecture formation (Evans et al., 2016; Liu et al., 2016) .
In vivo ROS imaging in cells and tissues has contributed significantly to many of the recent advances in understanding ROS signaling. Historically, 3,39-diaminobenzidine for H 2 O 2 and nitroblue tetrazolium for O 2 c2 were used as the main workhorses for in situ imaging. Both dyes provided preliminary indications for ROS accumulation, but in most cases, more sensitive and less invasive probes should be used nowadays. Thus, the majority of studies presented in this Focus Issue employed fluorescein-based probes such as the 1 O 2 sensory fluorescein anthracene Singlet Oxygen Sensor Green (Koh et al., 2016) or the H 2 O 2 probe OxyBurst Green (29,79-dichlorodihydrofluorescein diacetate; Evans et al., 2016; Zhang et al., 2016) . These newer probes offer sensitive and more reliable readouts but are difficult to apply to some tissues like leaves, and their specificity is still disputed (Winterbourn, 2014) . Genetically encoded sensors such as the ratiometric HyPer and HyPerRed were also used for ROS and redox detection in previous studies (Chiu et al., 2014; Ermakova et al., 2014) . A major advantage for future plant ROS research would be to standardize protocols for in vivo cell imaging. Standardization would enable comparing ROS images and measurements between different studies and different labs.
ROS are conditionally generated in various subcellular compartments and cellular environments (Fig. 1) .
The spatial and temporal pattern of ROS in combination with their reaction specificity is exploited for specific sensing and signaling in the cell. Chloroplasts Takagi et al., 2016) , mitochondria , peroxisomes Rodriguez-Serrano et al., 2016) , and plasma membraneassociated NADPH oxidases (Respiratory burst oxidase homologs, RBOH; Gilroy et al., 2016) and the ROSdependent dynamics of organellar shape are addressed in this Focus Issue.
Redox interactions between intracellular compartments are key to stress responses and developmental processes. Organelles such as chloroplasts, mitochondria, and peroxisomes are powerful generators of ROS and other redox signals through core processes such as photosynthesis, photorespiration, and respiration. Coordination of gene expression between the three genomes of the plant cell requires monitoring of chloroplast and mitochondrial status, to allow appropriate retrograde signaling to the nucleus (Kleine and Leister, 2016) . In this issue, the latest developments in understanding ROS and redox signals originating in chloroplasts and mitochondria are discussed by Dietz et al. (2016) and Huang et al. (2016) . An outstanding question is how such signals are transmitted between compartments. This question is discussed by Noctor and Foyer (2016) in light of recent advances such as the identification of chloroplast envelope ascorbate transporters (Miyaji et al., 2015) and the roles of stromules and other organellar extensions in ensuring communication from redoxactive locations (Caplan et al., 2015; Rodriguez-Serrano et al., 2016) .
A powerful and complex antioxidant system means that, despite their high capacity for ROS production, many intracellular compartments are generally much more reduced than the apoplast. However, plentiful reductant not only favors ROS removal but also can promote ROS production . Consequently, there is a delicate balance between the reductant-dependent production of ROS and the metabolism of these oxidizing compounds. As discussed in this issue, our knowledge of ROS concentrations at specific locations is still very incomplete . It may be that ROS accumulation in many intracellular compartments is less marked than in the apoplast, with enhanced ROS production being largely sensed by secondary effects on the status of antioxidants. Examples in plants are the oxidation products that are generated by the reaction of carotenoids with singlet oxygen (Ramel et al., 2012) . Compounds such as ascorbate and glutathione are more than simple antioxidants, not least because they consist of both reducing and oxidizing forms. Oxidationtriggered adjustments in compounds such as glutathione *Address correspondence to ron.mittler@unt.edu and karl-josef. dietz@uni-bielefeld.de. [OPEN] Articles can be viewed without a subscription. www.plantphysiol.org/cgi/doi/10.1104/pp.16.00938 may be important in ROS signaling (Han et al., 2013) . This underscores the complexity of ROS and redox homeostasis inside the cell, a view reinforced by the finding that accepted antioxidant enzymes such as monodehydroascorbate reductase may have pro-oxidant roles under some conditions (Johnston et al., 2015) . Nevertheless, there is communication between intracellular and apoplastic ROS pools, notably through certain aquaporins. In this issue, Tian et al. (2016) regulation by electron donors and electron acceptors, which may be ROS by immediate reaction or redoxsensitive mediators. Among the most sensitive targets for peroxides are thiol peroxidases like glutathione peroxidase and peroxiredoxins. Oxidized peroxiredoxins oxidize redox transmitters such as thioredoxins, which in turn oxidize target proteins. In addition, they may serve as proximity-based oxidase and redoxdependent interaction partners (Dietz, 2016) . Highly sensitive, untargeted or targeted, mass spectrometry combined with flexible use of blocking, labeling, and detection represent important steps forward for dissecting the dynamic and early modifications of redox proteins (Jones and Sies, 2015) .
Recent years have seen an increase in the number of studies describing the regulation of several different biological processes at the level of protein-protein interactions linking ROS with metabolic and environmental responses. Maintaining the balance between labile iron and ROS is critical for the growth and health of plants preventing the formation of the highly toxic hydroxyl radicals. A recent study explored the link between the ROS-response ZAT12 zinc finger protein and iron regulation in cells. Thus, Le et al. (2016) reported that ZAT12 interacts with and suppresses the function of a central regulator of iron deficiency responses, the basic helix-loop-helix transcription factor FER-LIKE IRON DEFICIENCY-INDUCED TRANSCRIPTION FACTOR. When ZAT12 is up-regulated in response to ROS accumulation, it therefore suppresses iron uptake and prevents the risk of hydroxyl radical formation. Another example of an important biological regulatory circuit was reported by Adachi et al. (2015) . These authors identified a W-box in the promoter of tobacco (Nicotiana tabacum) RBOH, as well as a WRKY transcription factor that is phosphorylated by MITOGEN-ACTIVATED PROTEIN KINASE (MAPK), linking MAPK phosphorylation events in response to pathogen recognition with accumulation of RBOH protein. Several members of the FAR-RED-IMPAIRED RESPONSE1-related sequence family of transcription factors were also recently implicated in integrating ROS with different developmental and environmental responses (Wang and Wang, 2015) . Additional ROS-response regulatory proteins identified in recent years include the APETALA2/ethylene response transcription factor REDOX RESPONSIVE TRANSCRIP-TION FACTOR1 that is regulated by different WRKYs (Matsuo et al., 2015) , different members of the NAC family of transcription factors (e.g. Fang et al., 2015; Chen et al., 2016; Zhu et al., 2016) , and different zinc-finger proteins such OXIDATIVE STRESS2 (He et al., 2016) .
The previous Focus Issue on ROS that appeared in Plant Physiology integrated different transcriptome studies describing the response of plants to ROS stress (Gadjev et al., 2006) . At least two new efforts have recently been made to follow up on this analysis and identify transcript expression signatures that define the response of plants to different types of ROS and their production site (Vaahtera et al., 2014; Willems et al., 2016) . These studies refine our understanding of regulatory networks activated in response to the accumulation of ROS in different cellular compartments and cell types. In addition to the accumulation of H 2 O 2 and O 2 c2 in different cellular compartments, recent years have seen the appearance of studies describing an important role for singlet oxygen in mediating responses to different cellular and subcellular signals (e.g. Mor et al., 2014) . These studies highlight the importance of different types of ROS and the integration of signals generated by different types of ROS within cells.
ROS have been implicated in generating and mediating whole-plant systemic signals in response to biotic or abiotic stresses . ROS and calcium waves constitute important components of rapid systemic signaling in plants (e.g. Suzuki et al., 2013; Choi et al., 2016; Evans et al., 2016; Carmody et al., 2016) . In addition to RBOHs, which play a key role in mediating systemic signaling, a role for xanthine dehydrogenase was recently proposed in this response . In addition, growing evidence point to a possible role for nitric oxide and abscisic acid in mediating systemic responses to pathogens and abiotic stress (e.g. Wendehenne et al., 2014; Mittler and Blumwald, 2015) , and a new report by Carmody et al., (2016) 
in this Focus
Issue proposes a role for singlet oxygen as an initiator of systemic ROS signals. The growing interest in systemic signaling mechanisms and their potential to enhance crop tolerance to biotic and abiotic stresses is likely to generate many more interesting studies in years to come.
RBOH-dependent O 2 c2 production appears to be the most tightly regulated ROS-signaling hub directly linking ROS signaling with calcium signaling and protein phosphorylation events. Thus, it is not surprising that RBOH participates in many of the ROS-signaling pathways described in this Focus Issue. RBOH activation is an early event in stomatal closure (Sierla et al., 2016) . In addition, RBOH controls systemic signaling waves between the different plant organs in response to light and salinity stress (Evans et al., 2016; Gilroy et al., 2016) . RBOH-dependent release of ROS was also found to modulate fiber growth in cotton (Gossypium hirsutum; Zhang et al., 2016) and peroxule outgrowth from peroxisomes (Rodriguez-Serrano et al., 2016) . Furthermore, the meta-analysis of ROS-linked transcriptomes by Willems et al. (2016) identified AtRBOHF as central component in ROS-dependent regulation. These findings, together with earlier results, as summarized e.g. by Baxter et al. (2014) , define RBOH as a central hub in the cellular ROS-signaling network. Linked to RBOH function, MAP kinase pathways integrate ROS signals orchestrating a cellular response to abiotic and biotic stress, as well as control hormone-signaling pathways and stomatal closure (Sierla et al., 2016) and modulate cell-to-cell signal propagation in local and systemic signaling (Evans et al., 2016; Gilroy et al., 2016) . MAP kinase pathways participate in retrograde signaling from the chloroplast to the nucleus (Vogel et al., 2014; Dietz et al., 2016) . Thus, MAP kinase pathways are of fundamental and far-reaching significance in converting ROS signals into protein phosphorylation.
